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Abstract The Labrador Sea is a region of climatic importance as a result of the occurrence of oceanic
wintertime convection, a process that is integral to the Atlantic Meridional Overturning Circulation. This
process requires large air-sea heat ﬂuxes that result in a loss of surface buoyancy, triggering convective
overturning of the water column. The Labrador Sea wintertime turbulent heat ﬂux maximum is situated
downstream of the ice edge, a location previously thought to be causal. Here we show that there is
considerable similarity in the characteristics of the regional mean atmospheric circulation and high heat ﬂux
events over the Labrador Sea during early winter, when the ice is situated to the north, and midwinter, when
it is near the region of maximum heat loss. This suggests that other factors, including the topography of the
nearby upstream and downstream landmasses, contribute to the location of the heat ﬂux maximum.
1. Introduction
The Labrador Sea (Figure 1) is one of the few sites in the subpolar North Atlantic Ocean where deep oceanic
convection occurs [Marshall et al., 1998; Marshall and Schott, 1999; Pickart et al., 2002]. The resultant water
mass, known as Labrador Sea Water [Clarke and Gascard, 1983], is an important contributor to the lower limb
of the Atlantic Meridional Overturning Circulation (AMOC) [Talley et al., 2003]. Climate models tend to predict
a weakening of the AMOC, often as a result of a reduction in the formation rate of Labrador Sea Water, as one
of the responses to a warming climate [Stouffer et al., 2006; Rhein et al., 2011]; a correspondence that has also
recently been suggested by observations [Robson et al., 2014].
Open-ocean convection is facilitated by a preconditioned water column with a reduced stratiﬁcation, usually
the result of an upward doming of isopycnals within a cyclonic gyre, and elevated ﬂuxes of sensible and
latent heat from the ocean to the atmosphere [Marshall et al., 1998; Marshall and Schott, 1999]. The general
circulation of the Labrador Sea consists of a boundary current that encircles the basin, with an extended
region of cyclonic ﬂow offshore [Lavender et al., 2002]. The preconditioning of the water column is aided by
the accumulated buoyancy loss throughout the cool period of the year that acts to erode any remaining
stratiﬁcation in the mixed layer. As such, high heat ﬂux events in middle to late winter can trigger the
convective overturning, sometimes to depths exceeding 1500m [Clarke and Gascard, 1983; Pickart
et al., 2002].
The Labrador Sea experiences a number of cold air outbreaks each winter when the northwesterly ﬂow
behind a passing synoptic-scale or mesoscale cyclone advects cold, dry air off the continent over the
relatively warm surface waters, resulting in elevated total turbulent heat ﬂuxes often in excess of 600W/m2
[Renfrew and Moore, 1999; Renfrew et al., 2002; Sathiyamoorthy and Moore, 2002; Kolstad et al., 2009]. It is
thought that these events are the triggers for the initiation of the overturning of the water column [Marshall
et al., 1998; Marshall and Schott, 1999], and most of the research on the atmospheric forcing of oceanic
convection in the Labrador Sea has focused on these trigger events [Marshall et al., 1998; Renfrew and Moore,
1999; Renfrew et al., 1999; Pagowski and Moore, 2001;Myers and Donnelly, 2008; Våge et al., 2009a]. During this
period, sea ice is typically located just upstream of the convective region and it has been assumed that the
proximity of the ice plays an important role in the spatial pattern of the heat ﬂuxes [Brummer, 1996; Marshall
and Schott, 1999; Olsson and Harrington, 2000; Pagowski and Moore, 2001; Fenty and Heimbach, 2013].
However, as is shown below, the spatial structure of the air-sea heat ﬂuxes over the Labrador Sea—in the
mean and during cold air outbreaks—is surprisingly similar during both the early winter period, when sea ice
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is not present in the vicinity of convection, and the midwinter period, when it is. This suggests that proximity
to the sea ice edge is not the only factor responsible for the location of the heat ﬂux maximum and that other
processes, such as upstream and downstream topographic ﬂow distortion, need to be considered.
2. Data and Methods
Greenland ﬂow distortion typically results in mesoscale atmospheric variability with length scales on the
order of 200–400 km [Moore and Renfrew, 2005; Renfrew et al., 2008]. Given that the global reanalyses typically
have effective horizontal resolutions on the order of 400–500 km [Condron and Renfrew, 2013; Lafﬁneur et al.,
2014], there is concern that they may not be able to fully resolve details of the ﬂow in the vicinity of
Greenland and the associated air-sea interaction. For this reason, we have chosen to use the surface
meteorological ﬁelds from the North American Regional Reanalysis (NARR) [Mesinger et al., 2006] in this study.
The horizontal grid spacing of the NARR is 32 km, and it is estimated that its effective horizontal resolution is
on the order of 200 km [Skamarock, 2004], allowing for an improved view of the ﬂow in the region. Indeed,
studies near Greenland have indicated that NARR surface meteorological ﬁelds are in good agreement with
both buoy and aircraft observations [Moore et al., 2008; Renfrew et al., 2009]. Here we use the full 3-hourly
resolution data for the months of January, February, November, and December 1979–2012.
Although the surface meteorological ﬁelds from reanalyses are typically well constrained by observations, the
air-sea ﬂuxes may not be because of their strong dependence on surface and boundary layer parameterizations
in the underlying numerical model [Smith et al., 2001; Renfrew et al., 2002]. The NARR surface heat ﬂuxes in the
coastal waters off Greenland were shown by Renfrew et al. [2009] to be biased high compared to other
analyses/reanalyses and observations. Accordingly, we have chosen to use a well-established bulk-ﬂux
algorithm [Smith, 1988; DeCosmo et al., 1996] that has been shown to agree with in situ high-latitude heat ﬂux
measurements [Renfrew et al., 2002], with NARR surface ﬁelds as input variables to calculate the sensible and
latent heat ﬂuxes. The sign convention used is that ﬂuxes out of the ocean are positive.
Data from Argo ﬂoats that sampled the upper ocean in the Labrador Sea from February to April during
2000–2007 are used to identify where oceanic convection tends to occur [Våge et al., 2009a]. The maximum
late winter mean mixed-layer depth in the Labrador Sea from this data was 950m, and, for the purposes
of this paper, the 700m mixed-layer depth contour was used to delineate the region of convection. This area
is in general agreement with that determined from hydrographic data during active convection [Lavender
et al., 2000; Pickart et al., 2002].
Figure 1. The topography (m) and place names in the region of interest. Also shown by the thick black line is the 1000m
isobath. The topography and bathymetry data are from the ETOPO1 data set.
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3. Results
We compare two seasonal time periods in our study: early winter (November and December) and midwinter
(January and February). Figure 2 shows the monthly mean ﬁelds of sea level pressure, 10m wind, and total
turbulent heat ﬂux (sum of the sensible and latent heat ﬂuxes—henceforth referred to as QTHF) for these two
periods. Also shown is the mean 50% sea ice concentration contour as determined using the NASA Team
algorithm [Parkinson and Cavalieri, 2008]. The region of convection, based on the Argo data, is also indicated.
The structure of the various ﬁelds during the two periods is remarkably similar with a spatial correlation
coefﬁcient over the domain in Figure 2 for each ﬁeld exceeding 0.9. During both periods, the Labrador Sea is
dominated by a northwesterly cyclonic ﬂow associated with the Icelandic Low which is situated to the east of
Cape Farewell (Figures 2a and 2b). The asymmetry of the sea level pressure ﬁeld over the Greenland ice sheet
and in its lee over the Irminger Sea is evidence of the ﬂow distortion associated with the high topography of
Greenland [Renfrew et al., 2008]. As expected, the Icelandic Low is deeper during the midwinter period (by
approximately 4 mbar) compared to the early winter period. However, over the convection site, the mean
10m wind speeds during the midwinter period are only 3% higher than those during the early winter period.
During the early winter period, the sea ice extends only as far south as Bafﬁn Island, while in the midwinter
period, it is present all along the Labrador Coast. The monthly mean 10m wind speeds in the region of
Hudson and Davis Straits are 25% higher in the November-December period compared to the January-
February period, presumably the result of the increase in surface roughness over the sea ice present in these
regions during the latter months [Liu et al., 2006; Petersen and Renfrew, 2009].
The QTHF ﬁeld (Figures 2c and 2d) has a maximum over the Labrador Sea convection region during both
periods, with the maximum during the midwinter period exceeding that during the early winter period by
17%. In midwinter, the sea ice along the Labrador and Bafﬁn Island coasts results in a signiﬁcant increase in
the gradient of QTHF to the west of the maximum. Apart from this feature, the overall structure of the QTHF
Figure 2. The monthly mean sea level pressure ﬁeld (contours: mbar), the 10mwind ﬁeld (vectors: m s1), and the 10mwind speed ﬁeld (shading: m s1) during (a)
November and December and (b) January and February 1979–2102. The monthly mean total turbulent heat ﬂux ﬁeld (contours and shading: Wm2) during (c)
November and December and (d) January and February 1979–2102. The thick black line indicates the corresponding monthly mean 50% sea ice concentration
contour, while the dashed black oval indicates the climatological mean 700m mixed layer depth.
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ﬁeld is similar during both periods, consistent with a spatial correlation coefﬁcient that exceeds 0.9. There is a
secondary maximum in QTHF immediately east of Cape Farewell that is associated with westerly tip jets that
develop in this region and force oceanic convection in the Irminger Sea [Pickart et al., 2003].
To identify high heat ﬂux events in the Labrador Sea, we employed the following methodology. The 3-hourly
NARR data for the period 1979–2012 were used to generate time series of QTHF at the center of the
convection region (59°N, 54°W) for both the early and midwinter periods (results were not sensitive to the
precise location chosen). For each period, high heat ﬂux events were deﬁned as the times that QTHF exceeded
the 95th percentile value based on these time series (470W/m2 for the early winter period and 570W/m2 for
the midwinter period). If QTHF exceeded this threshold for more than 3 h, the time of the maximum in QTHF
was selected to be the time for that particular event. Using this approach, 213 high heat ﬂux events were
Figure 3. The composite sea level pressure ﬁeld (contours: mbar), the 10m wind ﬁeld (vectors: m s1), and the 10m wind speed ﬁeld (shading: m s1) for north-
westerly wind events that result in total turbulent heat ﬂuxes over the Labrador Sea convection site that exceed the 95th percentile value during (a) November
and December and (b) January and February 1979–2012. The composite air-surface temperature difference ﬁeld (contours and shading: °C) for these events
during (c) November and December and (d) January and February 1979–2012. The composite total turbulent heat ﬂux ﬁeld (contours and shading: Wm2) for these
events during (e) November and December and (f) January and February 1979–2012. The thick black lines indicate the corresponding composite 50% sea ice
concentration contour, while the dashed black curve indicates the climatological mean 700m mixed layer depth.
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identiﬁed in the early winter period, and 182 events were identiﬁed in the midwinter period. Typically, three
events occurred each month with each event lasting for about a day on average. Approximately 80% of them
were characterized by northwesterly ﬂow.
Composites of the sea level pressure, 10m wind, air-surface temperature difference (ΔT, deﬁned as the
difference between the 2m air temperature and the skin temperature), and QTHF ﬁelds were calculated for
the high heat ﬂux events that were characterized by northwesterly ﬂow during both the early and midwinter
periods (Figure 3). During both periods, there is an enhanced surface pressure gradient across the convection
site—between a deep low to the east of Cape Farewell and high pressure over Labrador—that results in
strong northwesterly ﬂow (Figures 3a and 3b). The minimum sea level pressures are approximately 20 mbar
lower than the respective climatological means (Figures 2a and 2b), with the midwinter central pressure
being 2 mbar deeper than that during the early winter period. Over the region of convection, the peak 10m
wind speeds during both periods were in excess of 15m/s, with the early winter winds approximately 5%
higher than the midwinter winds. The 10m wind ﬁeld in the vicinity of the convection site shows evidence of
convergent ﬂow originating from air exiting Hudson and Davis Straits.
The composite ΔT ﬁeld associated with the high heat ﬂux events during both periods (Figures 3c and 3d) is
negative, indicating that cold air is ﬂowing over the relatively warm surface waters of the Labrador Sea. This
ﬁeld is more negative during the midwinter period. Given the relatively constant sea surface temperature in
the region, this is the result of the colder air temperatures both over and upstream of the Labrador Sea during
the midwinter period. To the northwest, the cold shelf waters associated with the Labrador Current
contribute to reduced ΔT upstream of the convection site during the early winter period. During the
midwinter period, the presence of sea ice along the Labrador Coast acts to further reduce the air-sea
temperature difference, leading to an increase in this ﬁeld’s gradient upwind of the convection region.
The composite QTHF ﬁeld has a similar structure during both periods (Figures 3e and 3f) but has a maximum
that is higher by approximately 20% during the midwinter period, compared to the early winter period. Given
the similarity of the composite 10m wind ﬁelds during both periods, the increase in magnitude of QTHF is the
result of the colder air temperatures during the midwinter period.
4. Discussion
In this paper, the characteristics of the atmospheric forcing over the Labrador Sea oceanic convection region
have been investigated. Previous work has largely focused on the middle or late winter period when the
convective overturning of the water column is most pronounced [Marshall et al., 1998; Renfrew and Moore,
1999; Renfrew et al., 1999; Pagowski and Moore, 2001; Renfrew et al., 2002;Myers and Donnelly, 2008]. However,
the buoyancy loss that occurs earlier in the season plays an important role in reducing the stratiﬁcation of the
water column. To date, there has been little research into the atmospheric forcing during this
preconditioning phase. Furthermore, there have been no systematic climatologies of high heat ﬂux events in
the region. We have addressed both of these issues by considering the mean climatological conditions, as
well as composite high heat ﬂux events, during both the early winter (November and December) and
midwinter (January and February) periods. This was done using NARR surface meteorological ﬁelds, together
with the air-sea heat ﬂux ﬁelds derived from them using a bulk formulation that has been validated against
heat ﬂux measurements in the region [Renfrew et al., 2002]. The high spatial resolution of the NARR allows it
to more completely resolve mesoscale features of the surface meteorology in the region.
Our results have revealed a surprising degree of similarity with respect to the spatial structure of the surface
meteorological and air-sea heat ﬂux ﬁelds for the mean climatological conditions, as well as for the high heat
ﬂux events, during both the early and midwinter periods. In particular, northwesterly ﬂow associated with a
low-pressure center to the east of Cape Farewell characterizes the climatological mean conditions during
both winter periods (Figures 2a and 2b). This is true as well for the high heat ﬂux events, during which the
enhanced winds coincide with the region where convection regularly occurs (Figures 3a and 3b). This
suggests that the location and depth of the Icelandic Low, along with its associated surface wind ﬁeld, play a
fundamental role in dictating the convection in the Labrador Sea. Such a notion is consistent with earlier
studies that have noted the importance of the North Atlantic Oscillation (NAO) in inﬂuencing convection
[Dickson et al., 1996; Pickart et al., 2002; Våge et al., 2009a]. However, in contrast to conventional thinking, our
results imply that the location of the ice edge is not the key factor for determining where the convection
Geophysical Research Letters 10.1002/2014GL059940
MOORE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3632
takes place. Although the ice edgemoves considerably southward from the early to late winter period, to ﬁrst
order the region of maximum QTHF remains stationary (Figures 3e and 3f).
Recent work has highlighted the existence of multidecadal mobility in the location of the NAO’s northern
center of action [Moore et al., 2013; Raible et al., 2013] that, based on the results presented here, may
contribute to the variability in the atmospheric forcing of oceanic convection in the region. The ﬂow
distortion arising from the interaction of extratropical cyclones with the high topography of Greenland
results in a number of wind speed phenomena in the region such as tip jets and barrier ﬂow [Doyle and
Shapiro, 1999; Moore, 2003; Moore and Renfrew, 2005; Renfrew et al., 2008]. In the present case, the impact of
Greenland on the upstream ﬂow over the Labrador Sea appears to be manifested as an enhanced sea level
Figure 4. The surface oceanic eddy ﬁeld (shading: cm s1, from Lilly et al. [2003]) in relation to the composite turbulent
heat ﬂux ﬁeld of Figures 3e and 3f (Wm2: selected contours) during (a) November and December and (b) January
and February 1979–2102. The asterisks denote where PALACE ﬂoats measured mixed-layer depths exceeding 800m during
the years 1994–1999 [from Lavender et al., 2000].
Geophysical Research Letters 10.1002/2014GL059940
MOORE ET AL. ©2014. American Geophysical Union. All Rights Reserved. 3633
pressure gradient across the area. This in turn may be related to a decrease in the spacing between the low-
pressure systems and the trailing highs that is the result of the reduction in their propagation speed as they
interact with Greenland [Hoskins and Hodges, 2002; Våge et al., 2009b]. There is also evidence that the high
topography in the upwind region associated with the ﬂow of air through Hudson and Davis Straits may affect
the location of the heat ﬂux maximum.
Despite the overall similarities in atmospheric forcing between the two time periods considered here,
changes in the air-sea ﬂuxes do occur as the cold season progresses that may impact oceanic convection.
Based on Proﬁling Autonomous Lagrangian Circulation Explorer (PALACE) ﬂoat data and hydrographic data
collected prior to the Argo program—during a period of strong convection—the deepest mixed layers tend
to occur in the southwest quadrant of the Labrador Sea within the cyclonic recirculation offshore of the
boundary current [Lavender et al., 2000; Pickart et al., 2002]. This roughly corresponds to the southern half of
the convection region determined from the Argo data (Figures 3e and 3f). It has been argued that this is
largely due to the presence of buoyant water that spreads across the northern portion of the basin as a result
of anticyclonic eddies generated on the eastern boundary [Pickart et al., 2002; Lilly et al., 2003; Pickart et al.,
2008]. In particular, the deepest mixed layers are found southward of the tongue of high oceanic eddy
variability emanating from the west Greenland slope (Figure 4).
The earlier studies did not attribute these deeper mixed layers to the spatial pattern of the air-sea heat loss,
but rather to the oceanic preconditioning. Our study suggests, however, that the atmosphere may be playing
a role as well. Even though the spatial structure of QTHF does not change much between the two composites
of Figures 3e and 3f, there is an important difference between the early winter period and the midwinter
period. Speciﬁcally, the region of maximum heat loss shifts roughly 100 km to the southeast and increases in
magnitude (Figure 4). This is primarily the result of the colder surface air temperatures later in the season,
which in turn is partly due to the presence of ice over the shelf that minimizes the upstream air mass
modiﬁcation [Renfrew and Moore, 1999; Liu et al., 2006]. As such, early in the season, the largest air-sea heat
ﬂuxes are located within the tongue of high eddy variability that inhibits oceanic convection, but later in the
season, the maximum heat loss is south of the tongue where the deepest mixed layers are observed. This
implies that the atmospheric forcing and oceanic preconditioning together dictate where the deepest mixed
layers develop.
Due to the primary role of the wind ﬁeld upstream of the low-pressure systems propagating east of
Greenland, the Labrador Sea oceanic convection is similar to that which occurs in the Irminger Sea where the
high topography of Greenland is responsible for the high wind speed events that force the overturning
[Pickart et al., 2003; Våge et al., 2009b]. In contrast, the other oceanic convection sites in the subpolar North
Atlantic occur downstream of the ice edge in the Iceland and Greenland Seas [Swift et al., 1980; Marshall and
Schott, 1999]. In these regions, there is no obvious topographic contribution to the surface wind ﬁeld, and so
the distribution of pack ice may play the dominant role in determining the spatial distribution of the air-sea
heat ﬂux ﬁelds.
In a warming climate, with a retreat of sea ice in the Labrador Sea [Kiilsholm et al., 2003], midwinter conditions
should be similar to current early winter conditions, i.e., with an ice edge to the north of the convection
region. Although our results suggest that this would result in only a modest reduction in the magnitude of
the air-sea turbulent heat ﬂuxes, it would nevertheless shift the maximum in the atmospheric forcing
northward into the region where eddy activity would inhibit convection. Thus, the processes identiﬁed in this
paper suggest a weakening of Labrador Sea water formation in a warming climate, a result consistent with
recent modeling and observational studies [Stouffer et al., 2006; Rhein et al., 2011; Robson et al., 2014].
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